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Flavonoids redirect PIN-mediated polar auxin fluxes during root
gravitropic responses
Abstract
The rate, polarity, and symmetry of the flow of the plant hormone auxin are determined by the polar
cellular localization of PIN-FORMED (PIN) auxin efflux carriers. Flavonoids, a class of secondary
plant metabolites, have been suspected to modulate auxin transport and tropic responses. Nevertheless,
the identity of specific flavonoid compounds involved and their molecular function and targets in vivo
are essentially unknown. Here we show that the root elongation zone of agravitropic
pin2/eir1/wav6/agr1 has an altered pattern and amount of flavonol glycosides. Application of nanomolar
concentrations of flavonols to pin2 roots is sufficient to partially restore root gravitropism. By
employing a quantitative cell biological approach, we demonstrate that flavonoids partially restore the
formation of lateral auxin gradients in the absence of PIN2. Chemical complementation by flavonoids
correlates with an asymmetric distribution of the PIN1 protein. pin2 complementation probably does not
result from inhibition of auxin efflux, as supply of the auxin transport inhibitor N-1-naphthylphthalamic
acid failed to restore pin2 gravitropism. We propose that flavonoids promote asymmetric PIN shifts
during gravity stimulation, thus redirecting basipetal auxin streams necessary for root bending.
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Summary 1 
 2 
The rate, polarity and 3 
symmetry of the flow of the plant 4 
hormone auxin are determined by the 5 
polar cellular localization of PIN-6 
FORMED (PIN) auxin efflux carriers. 7 
Flavonoids, a class of secondary plant 8 
metabolites, have been suspected to 9 
modulate auxin transport and tropic 10 
responses. Nevertheless the identity of 11 
specific flavonoid compounds involved 12 
and their molecular function and 13 
targets in vivo are essentially unknown. 14 
Here we show that the root elongation 15 
zone of agravitropic pin2/ eir1/ wav6/ 16 
agr1 has an altered pattern and amount 17 
of flavonol glycosides. Application of 18 
nM concentrations of flavonols to pin2 19 
roots is sufficient to partially restore 20 
root gravitropism. By employing a 21 
quantitative cell-biological approach, 22 
we demonstrate that flavonoids 23 
partially restore the formation of 24 
lateral auxin gradients in the absence of 25 
PIN2. Chemical complementation by 26 
flavonoids correlates with an 27 
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asymmetric distribution of the PIN1 1 
protein. 2 
pin2 complementation does probably 3 
not result from inhibition of auxin 4 
efflux, as supply of the auxin transport 5 
inhibitor N-1-naphthylphthalamic acid 6 
failed to restore pin2 gravitropism. 7 
We propose that flavonoids promote 8 
asymmetric PIN shifts during gravity 9 
stimulation, thus redirecting basipetal 10 
auxin streams necessary for root 11 
bending. 12 
 13 
 14 
Introduction 15 
The plant hormone auxin (3-indolyl 16 
acetic acid, IAA) controls virtually all 17 
plant developmental and physiological 18 
processes. In roots, the differential growth 19 
response associated with gravity 20 
stimulation (gravitropism) occurs in the 21 
elongation zone (1,2) and is a result of the 22 
asymmetric distribution of auxin to the 23 
lower side of epidermal cells (3). In these 24 
tissues accumulating auxin, cell 25 
elongation is inhibited and the root tip 26 
bends downwards. This cell-to-cell or 27 
polar auxin transport (PAT) is determined 28 
by the asymmetric cellular localization of 29 
auxin in- and efflux components of the 30 
ABCB/PGP/MDR, AUX1/LAX and PIN-31 
FORMED (PIN) family (4-7). While 32 
ABCBs are apparently involved in long-33 
range auxin transport and movements of 34 
auxin out of apical regions (8-10), AUX1 35 
and PIN2/EIR1/WAV6AGR1 have been 36 
demonstrated to channel auxin from the 37 
lateral root cap basipetally to the 38 
expanding epidermal cells (11-13). 39 
The regulation of auxin transport 40 
during root gravitropic responses is still 41 
largely unclear. Among various possible 42 
mechanisms, the localized synthesis and 43 
directed transport of flavonoids, plant-44 
specific phenylpropanoid compounds, 45 
have been shown to modulate the rate of 46 
the gravity response (14,15). A number of 47 
lines of experimentation have suggested 48 
that flavonoids may act as non-essential 49 
auxin transport inhibitors (ATI) (16-20) 50 
This is mainly based on the finding that 51 
flavonoids displace binding of synthetic 52 
auxin transport inhibitors, like N-1- 53 
naphthylphthalamic acid (NPA), a 54 
herbicide (naptalam©), in vitro (Jacobs 55 
and Rubery, 1988; Lomax et al., 1995; 56 
Luschnig, 2001; Morris, 2000). Moreover, 57 
roots of transparent testa (tt) Arabidopsis 58 
mutant with manipulated flavonoid levels, 59 
exhibit altered gravitropic curvature and 60 
auxin transport, which are restored to 61 
wild-type level by exogenous application 62 
of flavonoids (16,21). Nonetheless, the 63 
identity of the specific flavonoid 64 
compounds involved, their molecular 65 
targets as well as their mode of action in 66 
vivo are essentially unknown. Several 67 
lines of evidence suggest that ABCBs are 68 
directly (8-10,22,23) or indirectly (24) 69 
regulated by aglycone flavonols. High 70 
NPA concentrations cause inhibition of 71 
auxin efflux catalyzed by ABCB1/PGP1, 72 
ABCB19/ PGP19/ MDR1 (22,23) and 73 
ABCB4/PGP4/MDR4 (9) (hereafter 74 
referred to as ABCBs), most probably by 75 
binding to the transporter itself (25). This 76 
is in analogy to flavonoids, functioning as 77 
inhibitors of plant (22,23,26) and 78 
mammalian ABCBs (27), probably by 79 
mimicking ATP and competing for ABCB 80 
nucleotide binding domains (28). In 81 
contrast, the expression and sub-cellular 82 
location of PIN auxin efflux carriers is 83 
thought to be a consequence of flavonoid-84 
mediated alteration of auxin 85 
concentrations (18,19). In a pioneer study 86 
evidence that flavonoids are functioning 87 
as endocrine effectors that specifically 88 
determine individual PIN gene expression 89 
and protein localization was provided 90 
(18). 91 
Here, we report that agravitropic 92 
loss-of-function mutant pin2/ eir1/ wav6/ 93 
agr1 has impaired patterns of flavonol 94 
glycosides. We found that nM 95 
concentrations of exogenous flavonols, 96 
which have apparently only mild 97 
inhibitory effect on root elongation and 98 
gravitropic response in wild-type plants, 99 
can partially rescue the agravitropic 100 
phenotype of pin2 roots by promoting 101 
asymmetric PIN1 shifts, re-establishing 102 
polar auxin fluxes. 103 
104 
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Experimental procedures 1 
 2 
Chemicals  3 
MeCN (HPLC Supra grade, Scharlau, E-4 
Barcelona), HCOOH (Fluka, puriss, 5 
Switzerland), Methanol (MEOH, Fisher 6 
Scientific, UK), HPLC-grade acetonitrile 7 
(Fisher Scientific, UK), H3PO4 8 
(Applichem, Germany). Water was 9 
purified with a MilliQ Gradient apparatus 10 
(<5ppb, Millipore, Milford, MA, USA). 11 
Diphenilyboric acid 2-aminoethyl ester 12 
(DPBA, Sigma, Germany). NPA, (Fluka, 13 
Germany), kaempferol (CalbioChem, La 14 
Jolla, CA) and quercetin (Fluka, 15 
Germany) were dissolved in 100% 16 
dimethyl sulfoxide (DMSO). 17 
 18 
Growth conditions and plant material 19 
Seeds were surface sterilized for 5h in a 20 
chamber containing vaporous HCl and 21 
Na-Hypochlorite and stratified in a 0.1% 22 
agar solution for 2d at 4°C. Subsequently, 23 
the seeds were plated on sterile half-24 
strength MS medium at pH 5.7 containing 25 
2% sucrose solidified with 0.6% phytagel 26 
(Sigma, Buchs, Switzerland), and 27 
vertically grown at 22°C with 16h/8h 28 
light/dark cycle. The mutant alleles used 29 
in this study are the following: pin2-1 (29) 30 
and eir1-4 (30). 31 
 32 
Flavonoid fluorescence staining 33 
Flavonoid compound locations were 34 
visualized in vivo by the fluorescence of 35 
flavonoid-conjugated DPBA 36 
(Diphenylboric acid 2-amino-ethylester) 37 
compounds after excitation with blue 38 
light. Plants were grown for 5d before 39 
staining. Fluorescent staining of whole 40 
seedlings was performed according to 41 
Buer and Muday (2004) (14). 42 
Fluorescence was achieved by excitation 43 
with FITC filters (450 to 490nm, 44 
suppression long pass 515nm) on a Leica 45 
DMR fluorescence microscope and a 10X 46 
or 20X objective. Digital images were 47 
captured with a Leica DC300 F charge 48 
coupled device (CCD) camera.  49 
 50 
Extraction of phenolic compounds and 51 
HPLC analysis 52 
Excised roots were incubated over night 53 
in the dark at 4°C in 0.5ml of 80% (v/v) 54 
methanol (MeOH), extracted and 55 
centrifuged at 18’000g for 10min. The 56 
supernatant was concentrated to dryness 57 
and resuspended in 0.1ml 80% MeOH. 58 
Aliquots (50 µl) were analyzed by a 59 
reverse-phase HPLC (Gynkotek, 60 
Germany). Absorbance spectra were 61 
recorded with a UVD340S diode array 62 
detector (Dionex, Switzerland). Data 63 
integration analysis was conducted using 64 
the Chromeoleon software (v6.4, Dionex, 65 
Switzerland). The peak height was 66 
quantified at 330 nm. A calibration curve 67 
for kaempferol was used as reference for 68 
single peak quantification. All analyses 69 
were performed with at least three 70 
independent replicates, each representing 71 
100 roots. Chromatographic conditions: 72 
Nucleosil 100-5 C18 column (5µm, 2 x 73 
250 mm, Macherey-Nagel, Düren, 74 
Germany); flow rate 1.00ml min–1, 75 
gradient (step, time, %B over A) 1, 76 
25min, 10-25%; 2, 10min, 25-70%). 77 
Solvent A: H2O/0.1% (v/v) H3PO4; 78 
solvent B: MeCN. 79 
 80 
Structural elucidation: HPLC-ESI-81 
MS/MS analysis 82 
HPLC-MS analyses were performed on an 83 
Agilent 1100 HPLC system (Agilent 84 
Technologies, Palo Alto, CA, U.S.A.) 85 
fitted with a HTS PAL autosampler (CTC 86 
Analytics, Zwingen, Switzerland), an 87 
Agilent 1100 binary pump, and an Agilent 88 
1100 photodiode-array detector. 89 
Chromatographic conditions: Nucleosil 90 
100-3 C18 column (3µm, 2 x 250mm, 91 
Macherey-Nagel, Hoerdt, France); flow 92 
rate 0.170 ml min–1, gradient (step, time, 93 
%B over A) 1, 25min, 10-25%; 2, 10min, 94 
25-70%). Solvent A: H2O/0.1% (v/v) 95 
HCOOH; solvent B: MeCN/0.1% (v/v) 96 
HCOOH. The HPLC was connected to a 97 
Bruker ESQUIRE-LC quadrupole ion trap 98 
instrument (Bruker Daltonik GmbH, 99 
Bremen, Germany), equipped with a 100 
combined Hewlett-Packard Atmospheric 101 
Pressure Ion (API) source (Hewlett-102 
Packard Co., Palo Alto, CA, USA). The 103 
HPLC output was directly interfaced to 104 
the ESI ion source. The MS-conditions 105 
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were: Nebulizer gas (N2) 40psi, dry gas 1 
(N2) 9 l/min, dry temperature 300°C, HV 2 
capillary 4000V, HV EndPlate offset –500 3 
V, capillary exit –100V, skimmer1 –28.9 4 
V, and trap drive 53.4. The MS 5 
acquisitions were performed in the 6 
negative electrospray ionization mode, at 7 
normal resolution (0.6u at half peak 8 
height), under ion charge control (ICC) 9 
conditions (10'000) in the mass range 10 
from m/z 100 to 1000. 11 
The MS2 acquisitions were obtained in the 12 
auto-MS/MS mode. The isolation width 13 
was 4u, the fragmentation cut-off set by 14 
“fast calc”, and the fragmentation 15 
amplitude set at 0.9V in the “SmartFrag” 16 
mode. The total amounts of flavonoid 17 
compounds were calculated as the sum of 18 
the areas (x106 AU, arbitrary unit) of the 19 
mass signals identified during HPLC-ESI-20 
MS analysis. Each extraction consists of a 21 
pull of 100 different roots. Quantification 22 
of RT-EZ flavonoid compounds is the 23 
result of two independent extractions in 24 
which each time 150 5-mm long root 25 
apices from 12 different agar plates were 26 
pulled together. 27 
 28 
Gravitropic assays 29 
4d light-grown seedlings were transferred 30 
from control plates to plates containing 31 
nutrient media optionally supplemented 32 
with quercetin or kaempferol (100nM or 33 
200nM) or NPA (100 nM to 5 µM). After 34 
24h of adaptation and growth in the new 35 
media, plates were turned 90°. 36 
In one type of gravitropic assay, after 24h 37 
of growth under gravistimulation, 38 
seedlings were scanned using Epson 39 
Perfection 2450 photo and angles of 40 
gravitropic curvature were measured from 41 
digital pictures using the tool “Image 42 
Manager” of the Leica IM1000 software 43 
(Leica, Heerbrug, CH). Each gravity 44 
stimulated root was assigned to one of 45 
twelve 30° sectors; the length of each bar 46 
represents the percentage of seedlings 47 
showing the same direction of root tip 48 
growth. In order to enable direct 49 
comparison of root bending, percentual 50 
occurance of 60° and 90° bending (sum of 51 
60° and 90° sectors), the dominant 52 
bending sectors of wild-type roots under 53 
control conditions (98.4%), was defined 54 
as relative root bending. 55 
Short pulses of gravity stimulation were 56 
achieved by turning the plates of 90° for 57 
2h, which corresponds to the peak of 58 
gravity-induced flavonoid accumulation 59 
(14). After 2h of gravity stimulation, roots 60 
were excised and flavonoids extracted as 61 
described, or expression of DR5rev-GFP 62 
reporter protein analysed on a Leica TCS 63 
SP2 CLSM. 64 
Kinetics of root bending were performed 65 
and analyzed as described in (31). All 66 
gravitropic assays were performed in the 67 
dark to prevent phototropic responses. In 68 
some cases (Table 2, S1, S2), angles of 69 
gravitropic curvature were measured in a 70 
blind assay, to reduce possible unbiased 71 
calculations. 72 
 73 
Immunocytochemistry 74 
PIN1 immunolocalization was performed 75 
as previously described (32) with PIN1 76 
specific antibody (33) at 1:1000 dilution 77 
and anti-rabbit CY3 conjugated secondary 78 
antibodies. Confocal imaging of CY3 and 79 
DR5rev::GFP was carried out on a Leica 80 
SP2 AOBS microscope. 81 
In some cases (Fig. 4C, S3), symmetries 82 
of DR5-GFP gradients and PIN1 83 
distribution were measured in a blind 84 
assay, to reduce possible unbiased 85 
calculations. 86 
 87 
Data analyses 88 
Statistical analysis was performed using 89 
SPSS 11.0 (SPSS Inc., Chicago, Illinois). 90 
 91 
 92 
Results 93 
 94 
pin2 roots have an altered flavonoid 95 
pattern 96 
pin2/eir1/wav6/agr1 Arabidopsis 97 
mutant (referred to as pin2 hereafter), one 98 
of the best-characterized auxin transport 99 
mutants, exhibits reduced basipetal auxin 100 
transport and agravitropic root growth 101 
(2,29,30,34). As a starting point of this 102 
work, we investigated whether defects in 103 
basipetal auxin transport in pin2, which 104 
result in agravitropic responses (35), are 105 
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linked to an altered accumulation of 1 
specific endogenous flavonoids and 2 
whether flavonoids could be directly 3 
implicated in the control of the gravitropic 4 
responses. Diphenylboric acid 2-amino-5 
ethylester (DPBA), a fluorescent dye that 6 
specifically interacts with flavonoids, 7 
allows in situ flavonoid staining and 8 
localization in Arabidopsis seedlings 9 
(18,20,36). In wild-type seedlings, 10 
flavonoid DPBA staining is restricted to 11 
the shoot apex and cotyledons, the root-12 
shoot junction, along the primary root, 13 
and most intensely to the root elongation 14 
zone (Figure 1A and Figures S1A-C) (36). 15 
In contrast, flavonoid-DPBA fluorescence 16 
in pin2 mutant was clearly lower at the 17 
root tip-elongation zone (RT-EZ) (Figure 18 
1B and Figures S1E-G). Manipulation of 19 
endogenous auxin levels by addition of 20 
100nM IAA increased DPBA 21 
fluorescence in the wild type (14) and, 22 
although to a lesser extend, also in the 23 
pin2 RT-EZ (Figures S1D and S1H), 24 
suggesting that auxin and flavonoid levels 25 
in planta are interconnected (18,36). 26 
To determine how flavonoid 27 
distribution was affected by PAT 28 
alterations, we qualitatively and 29 
quantitatively investigated endogenous 30 
flavonoid derivatives present in wild-type 31 
and pin2 RT-EZ and entire roots using 32 
HPLC-UV-(-)-ESI-MS and HPLC-ESI-33 
MS/MS, respectively (Table I). Consistent 34 
with DPBA staining profiles (Figures 1A-35 
B and S1), we found that the total amount 36 
of flavonoids was significantly reduced in 37 
the RT-EZ of pin2 mutant (Figures 1E 38 
and 1G) whereas no significant difference 39 
was observed over the entire root (Figures 40 
1E and S2). pin2 roots showed altered 41 
accumulation of specific flavonol 42 
glycosides both in the RT-EZ and in the 43 
entire root (Table I and arrows in the 44 
extraction ion chromatograms (EIC) of 45 
the masses of interest in Figures 1G and 46 
S2). In pin2 entire roots and RT-EZ, a 47 
shift from di- and triglycosylated 48 
flavonols to monoglycosylated flavonols, 49 
like for K-G-3 (compound 18), was 50 
observed (Table I), which suggests that 51 
auxin levels may have an effect on the 52 
expression or activity of corresponding 53 
glycosyltransferases. This is supported by 54 
in silico (www.genevestigator.ethz.ch) 55 
expression analysis of two 56 
glycosyltransferase genes that are 57 
involved in flavonoids biosynthesis in 58 
Arabidopsis (37). At5g17050, which 59 
encodes for a flavonoid 3-O-60 
glucosyltransferase, is induced by NAA 61 
and 2,4-D treatment while At4g14090, 62 
anthocyanin 5-O-glucosyltransferase, is 63 
down-regulated by ATI treatments. 64 
Conversely, those peaks, whose 65 
accumulation is affected in pin2 roots, 66 
may be functionally important for the 67 
regulation of auxin transport during root 68 
gravitropism. 69 
As previously reported (14,38), a 70 
2h gravity stimulation increased the 71 
DBPA fluorescence in wild type RT-EZ 72 
by nearly two-fold, with a maximum at 73 
1.5 to 2.5h after stimulation. A smaller but 74 
significant increase in DPBA fluorescence 75 
was observed also in pin2 mutant (Figures 76 
1C-D). Flavonoid quantification by 77 
HPLC-UV (Figure 1F) was consistent 78 
with the DPBA staining. 79 
Collectively, our results 80 
demonstrate that the synthesis and the 81 
transient accumulation of specific 82 
flavonoid glycosides in the root tip-83 
elongation zone - but not over the entire 84 
root or in the shoot - are impaired 85 
quantitatively and qualitatively in pin2 86 
(Figures 1, S1, S2). 87 
 88 
Flavonoids partially rescue the 89 
agravitropic response of pin2 roots 90 
To test whether flavonoid 91 
concentrations play a critical role in the 92 
response to gravity stimuli, we searched 93 
for conditions in which flavonoids could 94 
be supplied without negatively affecting 95 
root growth and gravitropism most 96 
probably by acting as auxin transport 97 
inhibitors (16,18). Concentrations up to 98 
100 nM kaempferol or quercetin did not 99 
significantly influence wild-type (wt) 100 
gravitropic responses after 24h (95.5% 101 
and 99.0% instead of 98.4% (relative root 102 
bending (= sum of 90° and 60° sectors); 103 
see Experimental Procedures (Figure 104 
2A)). Moreover, root-bending kinetics 105 
demonstrated that treatment with 100 nM 106 
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quercetin did not significantly alter the 1 
bending performance of wild type roots 2 
over 24h compared to the solvent control 3 
(Fig. 2B). Importantly, bending of wild 4 
type roots in the presence and absence of 5 
quercetin is virtually identical after 2h and 6 
24h, time points used in this study), 7 
however, small but not significant 8 
differences are found between 2 and 24h. 9 
Roots of the eir1-4 mutant, a severe 10 
agravitropic allele of pin2 (30), were 11 
gravity-stimulated for 24h in the presence 12 
of 100 nM flavonoids. Intriguingly, pin2 13 
gravitropic root bending (33.5%) was 14 
significantly restored by quercetin 15 
(50.0%) and kaempferol (52.1%, Figure 16 
2A, B). Restoration of relative root 17 
bending by flavonols was roughly 25% 18 
and therefore only partial. 19 
The same gravitropic assay was 20 
performed in the presence of the synthetic 21 
inhibitor of polar auxin efflux NPA which 22 
blocks basipetal IAA movement from the 23 
root tip (39). In wild type plants, 24 
treatment with 5µM NPA, a concentration 25 
routinely used, resulted in an agravitropic 26 
phenotype (39.4%) (16,35), similar to that 27 
found for pin2. However, NPA failed to 28 
restore but rather impaired pin2 root 29 
gravitropism (14.7%). In order to exclude 30 
that restoration of gravitropism in pin2 31 
was only found at lower concentrations or 32 
at a particular NPA dose as reported for 33 
phosphatase 2A mutant, rcn1 (40), we 34 
quantified root gravitropism of wt and 35 
pin2 after treatment with NPA from 5 uM 36 
down to the concentration used with the 37 
flavonols (100 nM). Unlike quercetin and 38 
kaempferol, over this concentration range 39 
NPA had a negative effect on 40 
gravitropism and was not able to restore 41 
root gravitropism in wt nor in pin2 (Fig. 42 
3). Finally, we performed the quercetin 43 
treatment in the presence of NPA, and 44 
found that in wild type NPA and quercetin 45 
had additive effect (28.6%), while in pin2 46 
the quercetin action was prevented by 47 
NPA (13.0%), indicating that the rescue 48 
of pin2 agravitropic response by quercetin 49 
is NPA-sensitive (Figure 2A). 50 
 51 
The cause of pin2 agravitropic root 52 
growth is a failure in the accumulation of 53 
auxin at the lower side of the root 54 
elongation zone (30). We therefore tested 55 
whether flavonoid treatment restored the 56 
asymmetric auxin distribution necessary 57 
for differential growth of the epidermal 58 
cells during gravitropic responses.  This 59 
was achieved by monitoring the 60 
DR5:GFP expression, which reflects 61 
relative auxin levels. As previously 62 
reported (41), in wild type seedlings with 63 
vertically grown roots, the GFP 64 
fluorescence appeared in specific stele 65 
cell files and was localized in the 66 
quiescent center (QC), in the columella 67 
initials (QI) and in the mature columella 68 
cells (col) (Figure 2C). Vertically oriented 69 
pin2 roots exhibited a strong signal in the 70 
distal lateral root cap (dLRC) with only 71 
weak extension towards the proximal 72 
lateral root cap (pLRC), reflecting defect 73 
in basipetal auxin distribution. In 74 
vertically oriented roots treatments with 75 
100nM quercetin or kaempferol resulted 76 
in fluorescence essentially similar to the 77 
control condition in both the wild type 78 
and pin2 mutant (Figure 2C). Upon 2h 79 
gravity stimulation, fluorescent signals in 80 
wild-type roots appeared in the lower 81 
sides, in the distal lateral root cap and EZ, 82 
both in solvent controls (control) and, 83 
although slightly reduced, in the presence 84 
of flavonoids (Figure 2C, asterisks). In 85 
contrast, flavonoid treatment of gravity 86 
stimulated pin2 roots resulted in a gain of 87 
a strong asymmetric signal in the entire 88 
lateral root cap with significantly 89 
increased fluorescence on the lower half 90 
of the root and decreased fluorescence on 91 
the upper half of the root (Figure 2C, 92 
asterisks). 93 
In order to statistically quantify 94 
asymmetric auxin accumulation after 95 
gravity stimulation, we determined root 96 
auxin gradient symmetry (in arbitrary 97 
units from 0 to 3) in relation to their tip 98 
orientations relative to the future gravity 99 
stimulation vector prior to gradient 100 
analysis (for details see legends of Table 101 
2, S1 and S2). Compared to wild type 102 
(11.7%, Table 2), the majority of pin2 103 
seedlings tested exhibited a symmetrical 104 
auxin distribution (53.8% of seedlings 105 
showed auxin gradient symmetry ‘0’). 106 
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Only occasionally strong asymmetric 1 
auxin gradients (defined as percentage of 2 
sum of gradient symmetry ‘2 + 3’) could 3 
be observed in pin2 upon gravity 4 
stimulation (27.7%, Table 2), which is in 5 
line with the results of the gravitropic 6 
assays (Figure 2A). Interestingly, a 7 
similar frequency of clear auxin gradients 8 
in pin2 was also observed in vertically 9 
grown roots (31.7%) but not found in the 10 
wild type (1.7%, Table S2). The gain of 11 
signal asymmetry between lower and 12 
upper side in flavonoid-treated, gravity 13 
stimulated pin2 roots continued in the 14 
elongation zone and was observed in the 15 
majority of the flavonoid treated roots 16 
tested (62.0% compared to 27.7% without 17 
treatment, Table 2). In contrast, quercetin 18 
treatment had only a negligible effect on 19 
wild type (51.4% compared to 46.7% 20 
without treatment). Interestingly, also 21 
weak auxin gradients apparently result in 22 
gravitropic responses in wt roots, since 23 
inclusion of class 1 roots (Table 2; weak 24 
signal asymmetry, auxin gradient up to 25 
dLRC) enhances the relative number of 26 
roots showing an asymmetric gradient to 27 
88.3%. This number corresponds to that 28 
of the roots exhibiting gravitropic 29 
responses (Fig. 2). These data show that 30 
exogenous flavonoids are able to re-31 
establish the asymmetric DR5-GFP 32 
activity in the pin2 mutant roots building 33 
the prerequisite for restoration of 34 
gravitropic responses. 35 
 36 
Flavonoids promote asymmetric PIN1 37 
shifts 38 
 Since some levels of functional 39 
redundancy between PIN proteins have 40 
been demonstrated (42,43), we tested the 41 
root gravitropic responses of the triple 42 
pin2 pin3 pin7 mutant in the presence of 43 
100nM quercetin after 24h. A strong 44 
agravitropic root phenotype was evident 45 
for pin2 pin3 pin7 in control conditions 46 
(Figure 4A) (43), which could be partially 47 
rescued by the application of 100 nM of 48 
quercetin (47.8% compared to 26.1% 49 
without treatment, Figure 4A) or 50 
kaempferol (data not shown). From this 51 
result, we conclude that neither PIN3 nor 52 
PIN7 are required for flavonoid-53 
dependent rescue of the agravitropic 54 
response of pin2, being in-line with their 55 
proposed role and expression in gravity 56 
perception tissues (43). Importantly, when 57 
we performed the same gravitropic assay 58 
with roots of the double mutant pin1 pin2, 59 
quercetin could not complement its 60 
agravitropic phenotype (15.7% compared 61 
to 12.2% without treatment, Figure 4A). 62 
These data demonstrate that PIN1 is 63 
essential for flavonoid-dependent, partial 64 
complementation of pin2 gravitropism, 65 
which is in agreement with its expression 66 
in gravity transduction or response tissues. 67 
To trace the behaviour of PIN1 68 
protein during pin2 gravitropic responses 69 
and to uncover a possible link between the 70 
action of flavonoids and PIN1 activity in 71 
vivo, we analysed PIN1 localization in 72 
pin2 roots exposed to 100 nM quercetin 73 
prior to, and during 2h gravity 74 
stimulation. Consistent with previous 75 
reports (42,43), in vertically oriented wild 76 
type roots PIN1 was mainly found at the 77 
basal (lower) end of vascular and 78 
endodermis cells with occasional weak 79 
expression in the epidermis and in the 80 
cortex (Figure 4B, i.). In vertical pin2 81 
roots, PIN1 was ectopically expressed in 82 
the endogenous PIN2 domain, showing 83 
symmetric apical (up) localization in the 84 
epidermis and basal (down) localization in 85 
cortex cells (arrows in Figure 4B, ii.) (42). 86 
This symmetric PIN1 location was only 87 
rarely altered by a gravity stimulus on 88 
solvent control (12.5% of roots showing 89 
this pattern, Figure 4C, i.). Treatments 90 
with 100nM quercetin expanded the 91 
distribution of PIN1 and slightly its 92 
expression as previously reported (18) but 93 
did not affect its symmetry of expression 94 
neither in wild type nor in pin2 vertically 95 
grown roots (Figures 4B, iii.- iv.). In 96 
contrast, gravity stimulation of pin2 roots 97 
in the presence of 100nM quercetin 98 
resulted in asymmetric expression of 99 
PIN1 protein, with stronger PIN1-specific 100 
signals at the lower side of the root tip 101 
(Figure 4C, iii.). The establishment of 102 
flavonoid-mediated PIN1 gradients 103 
strictly correlated with the development of 104 
asymmetric DR5-GFP signals (100%, Fig. 105 
4C, iii), while in the absence of quercetin 106 
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asymmetric PIN1 patterns correlating with 1 
asymmetric DR5-GFP signals were only 2 
rarely found (12.5%, Fig. 4C,i). We never 3 
found asymmetric DR5-GFP gradients 4 
that correlated with symmetric PIN1 5 
patterns (0%, Figure 4C, iv.) or symmetric 6 
DR5-GFP gradients correlating with 7 
asymmetric PIN1 expression (0%, Figure 8 
S3, i.). But for few roots we found a weak 9 
correlation between asymmetric PIN1 10 
patterns and symmetric DR5-GFP (22.2%, 11 
Figure S3, iii.). 12 
 13 
 14 
Discussion 15 
 16 
 The current paradigm in auxin 17 
research is that flavonoids act as non-18 
essential, but important multifunctional, 19 
endogenous modulators of PAT by 20 
transiently accumulating in the epidermal 21 
cells of the root elongation zone (14,16-22 
19,36). Our data demonstrate that defects 23 
in basipetal auxin transport are associated 24 
with altered root flavonoid accumulation. 25 
In conditions in which PIN2-dependent 26 
auxin transport is genetically blocked, 27 
synthesis and transient accumulation of 28 
specific flavonoid glycosides in the root 29 
tip elongation zone - but not over the 30 
entire root or in the shoot - are impaired 31 
quantitatively and qualitatively (Figures 1, 32 
S1, S2). However, pin2 roots retain the 33 
ability to accumulate flavonoids in 34 
response to a gravity stimulus, but not as 35 
efficiently as the wild type. 36 
Application of low concentrations of 37 
exogenous flavonoids partially restores 38 
gravitropic root tip bending in a genetic 39 
background defective in basipetal auxin 40 
transport and this mode of flavonoid 41 
action is apparently distinct from that of 42 
NPA. Moreover, our results showing that 43 
gravity stimulation of pin2 roots in the 44 
presence of a wide concentrations range 45 
of NPA shown to inhibit PAT (24,35,40) 46 
did not complement pin2 gravitropism, 47 
suggest that in our experimental 48 
conditions and concentrations flavonoids 49 
(Fig. 2B) predominantly do not act as 50 
PAT inhibitors. Quantitative cell biology 51 
analysis of DR5-GFP signals show that 52 
partial, chemical complementation of 53 
gravitropism by exogenous flavonoids is 54 
accompanied by re-establishment of 55 
asymmetric distribution of DR5-GFP in 56 
the pin2 mutant roots. This suggests that 57 
restoration of gravitropic responses is 58 
achieved via bypassing the requirement of 59 
an active PIN2 protein, thus implying the 60 
activation of a PIN2-independent 61 
mechanism for basipetal auxin transport. 62 
Quantification of root gravitropic 63 
response of different pin mutant 64 
combinations suggests that PIN1 is 65 
essential for flavonoid-dependent 66 
complementation of pin2 gravitropism, 67 
which is in agreement with its expression 68 
in gravity transduction or response tissues. 69 
Using a quantitative cell biological 70 
approach, we also provide evidence that 71 
flavonoid-dependent rescue of pin2 72 
agravitropism by PIN1 is correlated with 73 
asymmetric PIN1 distribution across 74 
gravity-stimulated tissues. In summary, 75 
our findings suggest that PIN1 is the 76 
auxin efflux complex component that 77 
facilitates basipetal auxin fluxes for 78 
gravitropic responses in flavonoid-treated 79 
pin2 roots. The observed basal-apical 80 
PIN1 shifts in pin2 roots (Figure 4B, ii) 81 
are in line with the finding that PIN1 and 82 
PIN2 have redundant roles in the root 83 
meristem size control (43) and that PIN1 84 
can functionally replace PIN2 when 85 
ectopically expressed and localized at the 86 
upper side of epidermal cells (5). 87 
Moreover, PIN1 showed a “PIN2-like” 88 
apical localization in epidermis and basal 89 
localization in cortex cells in roots of pin2 90 
mutants (42). However, our data indicate 91 
that flavonoids are the native key effectors 92 
that promote asymmetric PIN1 shifts with 93 
stronger PIN1-specific signals at the 94 
lower side of the root tip in response to a 95 
gravity stimulus, thus redirecting basipetal 96 
auxin streams necessary for the root tip 97 
bending. 98 
 99 
The fact that flavonols can inhibit 100 
PAT and displace NPA from their 101 
membrane binding sites has led to the idea 102 
that flavonoids and NPA act on similar 103 
targets using identical mechanisms. 104 
Several lines of evidence suggest that 105 
plant ABCBs, like ABCB1, ABCB4 and 106 
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ABCB19, are direct targets of flavonoid 1 
regulation (8,22,23) either via protein 2 
phosphorylation, protein-protein 3 
interaction (31) or inhibition of ATPase 4 
activity or allosteric binding in analogy to 5 
mammalian ABCBs (28). This direct, 6 
modulatory role of flavonoids can be 7 
widely phenocopied by NPA. However, 8 
the effect of flavonoids on the members of 9 
the PIN family has received less attention 10 
and seems to be indirect (transcriptional) 11 
and result in activation of auxin streams 12 
(18,20) and cannot be mimicked by NPA. 13 
In summary, with this work we 14 
provide two lines of evidence 15 
demonstrating that flavonoids, at least 16 
under our experimental conditions, do not 17 
solely inhibit efflux transportes, but are 18 
able to function as versatile modulators of 19 
polar auxin flows. Firstly, flavonoid 20 
concentrations applied to the roots did not 21 
significantly alter over 24h wild type 22 
gravitropism and therefore most likely 23 
also not PAT. Secondly, NPA over a wide 24 
concentration range failed to restore pin2 25 
root gravitropism while partial rescue of 26 
pin2 agravitropic response by quercetin 27 
was NPA sensitive. Our data showing that 28 
flavonoids can promote PIN1 shifts in 29 
response to a gravity stimulus underline 30 
an involvement of flavonoids in cellular 31 
trafficking of auxin transport complex 32 
components as recently suggested (18,20). 33 
 The partial restoration of 34 
gravitropism in pin2 by flavonoid 35 
treatment parallels the previously 36 
published complete restoration of 37 
basipetal auxin transport (16,17) and root 38 
gravitopism of tt4 mutants (14) by 39 
external application of flavonoids and are 40 
both consistent with a positive role of 41 
flavonoids in facilitating gravitropic 42 
curvature. tt4  mutants lack a functional 43 
chalcone synthase and produce therefore 44 
no flavonoids, while adding the flavonoid 45 
precursor naringenin restores flavonoid 46 
synthesis (16, 20). However, these and 47 
our studies reached despite the different 48 
tools used opposite conclusions on the 49 
negative or positive regulatory impact of 50 
flavonoids on auxin transport. This 51 
paradox might be at least partially 52 
explained by recent work from Peer et al. 53 
(18) that reports opposite regulation of 54 
PIN2 and PIN1 expression by flavonoids: 55 
while PIN2 expression is enhanced in the 56 
absence of flavonoids, PIN1 expression is 57 
depressed. Moreover, PIN1 is delocalized 58 
from the plasma membrane in the absence 59 
of flavonoids, while PIN2 is not (18). This 60 
suggests that that flavonoids might act as 61 
negative regulators of PIN2, but as 62 
positive effectors of PIN1. The same 63 
study demonstrates that auxin reduces 64 
PIN1 expression in the root. One might 65 
speculate that this might be the underlying 66 
mechanism by which PIN1 is induced in 67 
the pin2 mutant, which owns presumably 68 
lower auxin levels in these cells that are 69 
relevant for basipetal auxin reflux. 70 
Finally, one should keep in mind 71 
that inverse modulation of root 72 
gravitropism by flavonoids may result 73 
from a combination of ABCB regulation 74 
and PIN trafficking that might be 75 
concentration-dependent and 76 
interconnected. 77 
 78 
 While the cellular targets of 79 
flavonoid action are now known, the 80 
underlying mechanism remains elusive. 81 
Transport assays with PIN proteins 82 
suggest that flavonoids probably do not 83 
interact with PINs directly. However, 84 
flavonoids affect specific PIN expression, 85 
location and cellular trafficking probably 86 
through interaction with regulatory 87 
proteins (18,20). Recently, plasma 88 
membrane PIN shifts have been 89 
demonstrated to be caused by antagonistic 90 
PIN phosphorylation via protein kinase 91 
PINOID (PID) and protein phosphatase 92 
2A (PP2A) (44,45). Our data together 93 
with the fact that flavonols are routinely 94 
used as both protein phosphatase and 95 
kinase inhibitors make PID or PID-related 96 
WAG kinases (46) and/or PP2A-like 97 
phosphatases the most likely candidate 98 
targets for flavonol-mediated PIN-shifts. 99 
100 
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Figure legends 12 
 13 
Figure 1. Defects in basipetal auxin transport are associated with altered root flavonoid 14 
accumulation. 15 
A-D, Flavonoid accumulation in the entire root and root elongation zone of wild type (Col Wt; 16 
A, C) and pin2 (B, D). Accumulation of flavonoids in control and 2h gravity stimulated roots 17 
visualized in situ using DPBA (yellow fluorescence) as described in Materials and methods. 18 
The arrows indicate the direction of the gravity vector relative to the root. Bar, 100µm. EZ, 19 
elongation zone; RT, root tip. 20 
E, Total amount of flavonoid derivatives detected in the entire root and RT-EZ of wild type and 21 
pin2. 22 
F, Gravity-induced root phenolic compound accumulation normalized to phenolic compound 23 
accumulation in vertical control. Values represent means ± SE (n=2-5 replicates); * 24 
significantly different from the wild type (Student’s t-test, P<0.05). 25 
G, Representative sum of extracted ion chromatograms [M-H]- of flavonoid derivatives found in 26 
wild type and pin2 RT-EZ analyzed by HPLC-ESI-MS. Significantly altered compounds are 27 
indicated by arrows. Peak numbers correspond to flavonoid derivates listed in Table I. Note 10-28 
times lower intensity scale for pin2 root elongation zone in comparison to wild type. 29 
 30 
 31 
Figure 2. Exogenous flavonols partially rescue the agravitropic response of pin2 by 32 
restoring asymmetric auxin gradients. 33 
A, Gravity responses of wild type (Col Wt) and pin2 (eir1-4) roots 24h after reorientation of 90° 34 
to horizontal in the presence of indicated auxin transport inhibitors. Each gravity stimulated root 35 
was assigned to one of twelve 30° sectors (see sketch).  The length of each bar represents the 36 
mean percentages ± SD of seedlings showing the same direction of root growth of at least three 37 
independent experiments; numbers correspond to the mean (± SD) percent occurrence of 90° 38 
and 60° bending (sum of 90° and 60° sectors). 39 
B, Time series of wild type (Col Wt) and pin2 (eir1-4) root curvature after reorientation of 90° 40 
to horizontal in the presence and absence of 100 nM quercetin analyzed as in (31). Data are 41 
means ± SE (n=4 with 50 seedlings per allele and treatment). 42 
C, Expression of the auxin-reporter construct DR5rev-GFP in wild type (Col Wt) and pin2 (eir1-43 
4) root tips was assessed prior to, and after 2h gravity stimulation on control (top row), 44 
quercetin (mid row) and kaempferol treated roots (bottom row). White asterisks indicate more 45 
pronounced DR5-GFP expression at the lower side of gravistimulated roots suggesting 46 
enhanced basipetal auxin reflux. The gravity vector relative to the root tip is indicated by an 47 
arrow. QC, quiescent center; QI, columella initials; col, mature columella cells; dLRC, distal 48 
lateral root cap; pLRC, proximal lateral root cap. Bar, 75 µm. 49 
 50 
 51 
Figure 3. Exogenous NPA does not rescue the agravitropic response of pin2. 52 
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A, Gravity responses of wild type (Col Wt) and pin2 (eir1-4) roots 24h after reorientation of 90° 1 
to horizontal in the presence of indicated concentrations of  NPA. Each gravity stimulated root 2 
was assigned to one of twelve 30° sectors (see Fig. 2). The length of each bar represents the 3 
mean percentages ± SD of seedlings showing the same direction of root growth of at least three 4 
independent experiments; numbers correspond to the mean (± SD) percent occurrence of 90° 5 
and 60° bending (sum of 90° and 60° sectors). 6 
B, Mean percentages of plants showing 90° and 60° bending (sum of 90° and 60° sectors) ± SD 7 
of three independent experiments. 8 
 9 
 10 
Figure 4. Flavonoid-dependent rescue of pin2 agravitropic phenotype requires PIN1 and is 11 
correlated with asymmetric PIN1 distribution across gravity-stimulated tissues. 12 
A, Gravity responses of pin2 pin3 pin7 and pin1 pin2 (pin1 eir1) roots after 24h in the presence 13 
of quercetin. The length of each bar represents the mean percentages ± SD of seedlings showing 14 
the same direction of root growth of at least three independent experiments; numbers 15 
correspond to the mean (± SD) percent occurrence of 90° and 60° bending (sum of 90° and 60° 16 
sectors). 17 
B, Whole-mount in situ immunolocalization of PIN1 protein (red) in 5d pin2 (eir1-4; ii. and iv.) 18 
and wild type (Col Wt; i. and iii.) vertically seedlings transferred on media supplemented with 19 
100nM quercetin. Gravity vector is indicated by an arrow. White arrows indicate PIN1 protein 20 
apical localization in the epidermis and basal localization in the cortex cells of pin2 root tip. 21 
Note that the appearance of slightly different PIN1 signals in the pin2 epidermis and cortex (ii.-22 
iv.) do not reflect unequal expression but are the result of unequal background intensities due to 23 
scattered light. v, vascular bundle; en, endodermis; c, cortex; e, epidermis. Bar, 30 µm. 24 
C, Whole-mount in situ immunolocalization of PIN1 protein in pin2 after 2h of gravity 25 
stimulation; gravity vector is indicated by an arrow. 4d pin2 seedlings were transferred on 26 
media supplemented with 100nM quercetin or the solvent (control). Red, PIN1; green, DR5rev-27 
GFP expression. White arrows indicate more pronounced PIN1 proteins levels at the lower or 28 
upper side of gravity stimulated root tip. Bar, 30µm. Percentages indicate relative occurrence of 29 
asymmetric or symmetric PIN1 distributions with asymmetric DR5-GFP signals; the total 30 
number of analysed roots that showed simultaneous clear DR5-GFP and PIN1 signals was 47. 31 
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